The Bubble-Greenhouse system combines the well established Seawater Greenhouse concept with a novel humidification-dehumidification (HD) process, based on the large air/water interface generated by bubbling air through a water filled column. Multistage bubble evaporators and multistage bubble condensers allow for effective recovery and reuse of latent heat via a heating/cooling circuit throughout all column stages. The system can operate with salinities of 5000-35,000 ppm. Following the HD process, cooled vapour provides the tropical type greenhouse with a humid environment for selected crops. Additional condensation occurs along the greenhouse skin and is gravity-fed to drip line irrigation. Low grade energy options such as solar-thermal, photovoltaic, wind, geo-thermal and salinity-gradient solar ponds provide the energy for the Bubble-Greenhouse. Alternatively, waste heat from diesel power stations nearby can provide cogeneration of electricity and bubble evaporator heat and pressure requirements. Crops grown inside a greenhouse demonstrate a strongly reduced water demand and the closed environment protects crops from insects and diseases. As the technology is conceptually simple to implement, it holds great potential for community participation, empowerment, skills development and capacity building of local people in remote locations.
Introduction
This paper informs the conceptualisation of a novel Bubble-Greenhouse concept for brackish or seawater desalination and greenhouse food production. The theoretical performance parameters provided are based on previous experimental evaluations of a bubble column evaporator prototype and a range of simple condenser concepts [49, 50] . Findings from these experiments have been used to calculate theoretical desalination rates by extrapolation and allow for system sizing considerations.
The work presented here was motivated by the need for sustainable water supply schemes in remote communities, with a strong focus on the social development of local people under the critical proviso of empowerment, self determination and capacity building.
Due to their remoteness, conventional desalination technologies like reverse osmosis (RO) are often burdened by the consequences of poor source water quality and a dependency on external maintenance and repair specialists. Innovative schemes such as the solar powered Memsys Vapour Membrane distillation pilot plant currently trialled by the Tjuntjuntjarra community (Western Australia) and Murdoch University's National Centre of Excellence in Desalination [40] , aim to provide a long-term improvement to water provision and self-reliance of remote communities. On a global scale, initiatives like the Desal Water Prize [58] are calling for sustainable water supply technologies with a focus on self sufficient system operation and maintenance by local people.
Worldwide, society's demand for freshwater relies strongly on water supply from surface water sources that are intimately linked to atmospheric precipitation and are therefore highly susceptible to climatic variability. In response to evolving land and water use patterns, almost half the countries on earth have long suffered from serious water shortages, to the extent that by the year 1993 alone, twenty-six nations including Egypt, Jordan, Israel, Syria, Iraq, Iran, and Saudi Arabia were defined as water scarce [11] . This situation is steadily exacerbated in many regions by continuous population growth, a strongly increased irrigation demand for agricultural produce and the well documented effects of climate change.
While the average precipitation for most continents is approximately 700 mm/year (7 million L/ha), Australia experiences significantly less precipitation, with 450 mm/year on average [52] .
Consequently, large tracts of inland Australia count amongst the most arid regions in the world with annual pan evaporation rates often exceeding annual rainfall figures by tenfold [29] . As surface freshwater expressions are rare in remote Australia, groundwater is frequently the only source of potable water. However, due to the geological particularity of this strongly weathered landmass, high concentrations of dissolved salts render most of the groundwater here brackish and salinities akin to seawater concentrations are not uncommon [22] .
A very effective method of separating dissolved salts from brackish or seawater is by thermal desalination. Exponents of this technology range in size from simple solar stills in remote locations for the distillation of a few litres of drinking water to large-scale commercial technologies such as multistage flash (MSF) or multi-effect distillation (MED). Many different solar desalination concepts have been developed to facilitate small-scale freshwater production in remote regions by local people with limited technical means [4, 34, 46, 48] . Amongst the different approaches to improve their condensate output were the spatial separation of evaporation and condensation processes, for example by connecting an outside condenser to a solar still [10] or by bubbling warm air into a still basin in order to provide an enlarged air/water interface for vapour transfer [41] .
The idea to up-scale the solar still principle into a crop producing still-greenhouse system has been around for some time [39] . In general terms, the aim is to tailor and optimise the humidificationdehumidification (HD) process inside a greenhouse, while making use of the structural components of the greenhouse itself, primarily as a condensing surface. Besides the freshwater output, a number of additional benefits arise from this approach. First, plants inside a humidified greenhouse demonstrate a strongly reduced irrigation demand, requiring as little as 10% of the freshwater of plants grown outside a greenhouse [44] . Second, a large part of the condensation is produced high above in the greenhouse and can be distributed to the growing area by gravity, thus reducing water pumping needs.
Crucially, a serious disadvantage of the still-greenhouse concept is its reliance on solar radiation to drive still basin evaporation and as a consequence, the resulting risk of overheating the greenhouse [15] . The Seawater Greenhouse addresses this problem by substituting the evaporation basins with customised cardboard honeycomb lattice evaporators [42] . Here, surface seawater trickles down a porous evaporator and hot ambient air is dragged through the structure by use of large fans.
Besides humidifying the greenhouse, the evaporative cooling effect causes a significant air temperature reduction and thus, greenhouse cooling is achieved. A condenser, cycling cold deep seawater or cooled seawater from the evaporators is then used to dehumidify the saturated air and produce the freshwater for crop irrigation.
Drawing on the principles introduced above, an alternative approach to the greenhouse desalination concept is proposed. The innovative system termed Bubble-Greenhouse combines aspects of the well established Seawater Greenhouse [9] with a novel humidification technology that employs modified bubble column evaporators [13] and multistage bubble condensers [33] . The key benefits of the novel bubble column HD system are (1) improved evaporation and condensation rates, (2) reduced energy demand through efficient latent heat recovery design, (3) technological simplicity promoting self sufficiency of remote communities and (4) a modular arrangement to allow for flexibility in response to fluctuating population rates in highly mobile settlements. Therefore, the paper aims to outline and discuss the potential of this new desalination method, and to provide a stepping stone towards the physical conceptualisation of a Bubble-Greenhouse in the near future.
Unlike in Seawater Greenhouse evaporators, where ambient air is humidified and cooled by the evaporative cooling effect and then channelled through the greenhouse, the bubble evaporation process is most efficient at higher process temperatures, ideally around 80 °C. However, as the high temperature of the vapour product would strongly exceed temperature limits for greenhouse plants, an external vapour cooling element is integral to the functionality of the Bubble-Greenhouse. While temperature mitigation initially is the most important objective of this component, a consequence of the external vapour cooling process is that the majority of condensate production takes place prior to greenhouse humidification, typically in the range of 85% of total Bubble-Greenhouse condensation amount.
The bubble column HD concept evolved from a number of experimental studies. Initially, a laboratory-scale bubble column was developed with the aim to quantify evaporation rates and to obtain reference figures for up-scaling calculations. The column was matched with a simple 'homemade' copper plate condenser, to investigate the potential for passive condensation with strong emphasis on sustainability and operational simplicity of the device [49] . Here, consistent bubble evaporation rates of between 80-88 mL per hour were demonstrated. Under laboratory conditions, the condenser prototype of 100 mm width and 1500 mm length achieved condensate recovery rates of around 73%, without the need for external cooling. Estimated by extrapolation, it was proposed that an up-scaled bubble desalination system with a 1 m 2 condenser may produce around 19 L of distilled water per day.
In a follow-up study, several 'simple to make' vapour cooling and pre-condensing concepts were assessed for the purpose of mitigating bubble column vapour temperatures, as a crucial aspect for the development of a bubble-greenhouse [50] . Particular emphasis was on low energy demand of the devices, ease of manufacture, low investment cost and technical and operational appropriateness for local people in remote places. Although most of the tested concepts could not successfully reduce bubble column vapour to acceptable greenhouse temperatures in passivemode, important insights into the temperature mitigation problematic were gained. While the majority of the tested concepts represented a 'single-stage' approach, the utilisation of latent heat transfer within the HD process was stressed as an important aspect of the economic feasibility of a future Bubble-Greenhouse. In their sum, findings from the practical evaluation of the bubble column desalination concept suggested the strong potential for a Bubble-Greenhouse as an effective alternative to conventional greenhouse desalination concepts, e.g. the Seawater Greenhouse.
Concept description
Inspired by recommendations and performance criteria set by the USAID Desal Water
Prize competition -an international initiative to promote environmentally sustainable brackish water desalination technologies -the proposed Bubble-Greenhouse system is designed for a desalination rate of approximately 8 m 3 per 24 h cycle. It essentially exists of three elements, the HD modules, the greenhouse structures and the solar energy collector array. The HD process column design is inspired by a recently described multistage bubble column condenser with integrated heat recovery cycle [35] .
Albeit coming at a cost of technical complexity and increased air pressure demand for bubble generation, this concept offers a significant improvement to the bubble column HD energy budget overall, through effective recycling and reuse of latent heat.
Humidification-dehumidification (HD) modules
In total, the Bubble-Greenhouse desalination system consists of seven individual HD modules which can conveniently be operated independently from each other, e.g. during module maintenance procedures. Each module consists of a six-stage bubble column evaporator and a six-stage bubble column condenser ( Fig. 1) , not unlike the multi-stage condenser device invented by Narayan and Lienhard V [33] . The columns are manufactured from high density poly-ethylene (HDPE). The evaporator column stages or chambers are separated by six sinter discs with 100 μm pore size that act as bubble generators for each stage. Each chamber contains a liquid bath supported by the respective disc. Void chambers are positioned above the liquid stages, to allow for expansion of the air/water mixture in response to bubble introduction.
In the evaporator columns, brackish or saline water is contained throughout all stages. Key to the effective evaporation process inside a bubble column is the large air/water interface, facilitated by a unique property of salt water. Unlike in a freshwater bubble column, where bubbles would continuously collide and join together as they oscillate upwards, it has been discovered that by adding salt to a flotation chamber, bubble coalescence is inhibited by a still unexplained property of seawater [8] . For sodium chloride salt, the process is initiated at a concentration above 4600 ppm.
Therefore, under typical brackish water salt composition scenarios, the evaporator columns can operate with salinities of 5000 ppm to above 35,000 ppm. In accordance with the rate of evaporation, brackish water is continuously added to replenish the evaporator stages. When the evaporator columns approach a salt concentration of 45,000 TDS, they are completely drained. The resulting brine is treated for mineral recovery in evaporation ponds [1] . In order to shield the evaporator columns from heat loss to the ambient, they are enclosed with high grade thermal insulator material (Aspen Aerogels Pyrogel 6350) and an outer layer of aluminium foil.
The condenser columns physically resemble the evaporator columns. The main difference is that in contrast to the brackish water content in the evaporator columns, all condenser chambers are filled with desalinated water. While bubble coalescence is not inhibited here due to the absence of salt from the chambers, the resulting bubble stream generated by the sinter discs nevertheless provides a large surface area for effective condensation. The pairs of evaporator and condenser columns (i.e. modules) are physically connected by two well insulated streams, in order to prevent heat loss to the ambient.
These are (1) a saturated air stream that transports vapour from evaporator to condenser columns and (2) a latent heat recovery stream that runs in a counter flow direction through each of the evaporator and condenser column chambers (Fig. 1 ).
The saturated air stream is initially produced by pumping ambient air through the brackish water in the evaporator columns. By use of regenerative blowers, compressed air is continuously pumped through the bottom sinter disc from below, creating a high density of fine air bubbles. As the air travels up through the chambers, vapour content gradually increases in response to the increasing chamber temperatures. From an outlet hose above stage six of the evaporator column, the heated saturated air exits at a temperature of 80 °C and is then channelled to the condenser column. Effective insulation maintains the process temperature throughout the connection pipe and into the condenser column. As the vapour laden air is bubbled through the distilled water content of the condenser column stages, cooling and subsequent condensation occurs. The condensation produced in each of the condenser chambers drains away and is collected in water storage tanks.
A latent heat recovery circuit connects the evaporator and condenser columns that form individual HD modules. In both columns, the circuit enters from the top and runs downwards through all chambers.
The closed system conduit is filled with deionised water to prevent corrosion. Throughout the condenser stages, stepwise latent heat release from condensation in each chamber is directly transferred to the circuit water, thus allowing for direct heat recovery and a continuous circuit temperature increase. Based on industrial application experience [27] , a DTmin value (the minimum allowable temperature difference, representing the minimum driving force allowed in a heat exchanger, without violating the second law of thermodynamics) of 3-5 °C is anticipated to be effective for the low temperature heat recovery processes. This temperature value is supported by the temperature-enthalpy profile of a balanced multistage dehumidifier concept with multiple extraction and injection points [7] . A more precise and potentially lower DTmin, thus reducing the entropy generation and increasing the energy efficiency, would be subject to fine-tuning the heat recovery concept in regards to general design and component sizing that determines the cold and hot streams.
Based on the current estimation, the heat recovery circuit exits the bottom condenser chamber at around 75 °C. The well insulated circuit then runs through the solar driven temperature booster module, where the circuit temperature is raised to 85 °C. Next, the circuit enters the evaporator column top chamber from where it coils downwards through the individual chambers, similar to the arrangement in the condenser column. In accordance with the established steady state temperatures in the respective evaporator chambers, the previously stored heat is fractionally released throughout the stages to drive the evaporation process. In this way, a gradual reduction of the heat recovery circuit temperature is achieved while a maximum amount of latent heat is utilized for evaporation. After the circuit fluid exits the evaporator column through the bottom chamber at a temperature of approximately 30 °C, it is returned to the condenser column top chamber, where the heat collecting process is repeated. As booster energy is made available during night-time from the heat storage system, the modules can be operated continuously.
HD system sizing
The following calculations for sizing the evaporator and condenser columns are based on a theoretical Bubble-Greenhouse system with an estimated water production rate of 8 m 3 per day. At a process temperature of 80 °C, the laboratory-scale column evaporator prototype with a sinter area of 78.5 cm 2 would be capable of evaporating 7 L of saltwater in 24 h [49] . Using extrapolation, the total 
Greenhouse
The cooled vapour streams departing the HD modules are channelled into the greenhouse, thus creating a saturated environment within an acceptable temperature range. Along the greenhouse skin and in response to the radiative cooling effect during night-time, more condensation occurs independently from the HD module operation and is collected and distributed to drip line irrigation.
Depending on greenhouse location and climatic conditions, the greenhouse might require cooling during sunshine hours to avoid plant stress. For this purpose, one (or more) evaporator columns can be operated in unheated mode and independently from the condenser columns. The strong evaporative cooling effect produced by the bubbling process [14, 33] is then utilised for greenhouse temperature mitigation. While greenhouse humidification is maintained in this way, there will be reduced condensate production from the HD process modules during greenhouse temperature mitigation periods, depending on the number of modules utilised.
Resulting from the absence of harsh temperature and humidity variations inside the BubbleGreenhouse, an increased risk of agricultural pest development exists. In response, the BubbleGreenhouse concept proposes the operation of two greenhouse structures in semi-annual rotation. By opening up and exposing the dormant greenhouse to the typically arid climatic conditions, humidophilous plant diseases and agricultural nuisance insect species are controlled and eradicated without the need for excessive pest management. Importantly, many regions in Australia and elsewhere are frequently subject to extreme weather events such as tropical cyclones [56] . As it is economically and technically not feasible to build a greenhouse that can withstand such weather events, the greenhouses are instead manufactured from simple sturdy materials that can easily be dismantled and safely stored if necessary.
Based on a commercially available non partitioned standard wide span shallow poly-tunnel design, the greenhouse framework is made from aluminium or steel components. The greenhouse skin is manufactured from a special polycarbonate NIR-reflective (near infrared radiation) film, that allows for the photosynthetically active radiation (PAR) spectrum to be transmitted to the crop area inside the greenhouse [15, 53] . Overall, this film with very high transmission (60%) of PAR but with a low transmission of infra-red, results in a total energy transmission of 38% [42] , thus helping greenhouse temperature to remain lower.
Total greenhouse footprint area is set at 150 m 2 (Fig. 2) . [47] . With a similar production rate, the Bubble-Greenhouse would approximately produce 30 kg of crops per day. However, as there would be a large combination of crop species, with implications on stocking density and growth intensity, crop production rate would likely be significantly less.
Solar collector
For Bubble-Greenhouse operation, the largest part of energy would be required by the oil-heated booster, in order to raise the heat recovery circuit temperature previous to evaporator column entry.
With current modelling, the solar energy required for heating 493 L/h of circuit water from 75-85 °C is 20.6 MJ/h per module or 144 MJ/h for the whole greenhouse system. The parabolic mirror solar collector array proposed for providing the energy to the Bubble-Greenhouse focuses solar energy onto a centre tube, thus heating the thermal oil contained in the tube up to 165 °C [47] . In this way, the systems allows for excellent heat collection and storage, to maintain HD operation during night-time.
Given that the average daily solar energy in central Australia is 6 kWh·m − 2 (i.e. 0.9 MJ/h), a collector area of 160 m 2 would be required when employing an oil-heated parabolic mirror array similar to the one operated at Sundrop Farm [47] . As this makes solar capture technology the most expensive component of the Bubble-Greenhouse, it would perhaps render the desalination concept economically prohibitive for now. However, it is anticipated that with future optimisation of the heat recovery cycle, for example by extracting and reusing sensible heat contained in distillate (Table 2) , and with continuous evolution of the solar technology itself, collector demand could be substantially reduced.
Importantly, the Bubble-Greenhouse desalination system allows for other 'easy to do' concepts to be integrated, in order to further increase overall energy efficiency. Drawing on the knowledge and expertise of local peoples, external heating components such as black coiled plastic pipes could be integrated to preheat the incoming evaporator air and water top-up streams and further boost the evaporator temperature.
Regenerative blowers
Bubble column operation requires large volumes of air to be pumped against the water head pressure and the resistance of the column sinter discs, a process that comes at a relatively high cost of electrical energy. A typical regenerative blower (e.g. Republic HRB 402/1) running at 1.65 kW, can provide an air flow rate of 192 m 3 /h at a working pressure of 343 mbar [13] . The authors suggest that one of these pumps could run up to eleven bubble columns of 300 mm height. Assuming each unit was operated at 88 °C, the total air pumping energy requirement would then be about 2 kWh·m − 3 , a figure less than half the energy requirement of the Kwinana RO facility in Perth, Western Australia, where the total energy used per unit of water is approximately 4.6 kWh·m − 3 [57] . Importantly, this would only be achievable by running the eleven columns in series, a process that requires separation of the vapour from the carrier gas (through condensation) at each stage, followed by introduction of the carrier gas (now under slightly reduced pressure) to the next column and so on. However, as the 'in series' approach results in technical complexity and the resulting difficulty for efficient latent heat recovery, it is not considered to be the optimum solution. However, based on the brief residence time required in a single-stage bubble column, where saturated vapour pressure is typically achieved within a few tenths of a second and the water column therefore only needs be about 200-300 mm high [13] , future development should lead to a reduction of the overall height of a six-stage column, perhaps to half its currently proposed height of 1.2 m. It is anticipated that such a height-reduced column would still provide enough bubble residence time to achieve maximum vapour saturation through the sum of its stages, while allowing for effective latent heat recovery at the same time. With reduced height, one blower could perhaps be operating two HD modules in series and as a consequence, the investment cost for regenerative blowers and the associated renewable-energy capture technology would be substantially reduced.
Discussion

Thermal desalination
By closely mimicking the natural weather processes of cloud formation and rain precipitation, thermal desalination techniques have long been used to desalinate brackish-or seawater. While their extensive energy demand traditionally confines their suitability to regions with either high solar radiation or an abundance of fossil fuel, cogeneration plants for simultaneous production of water and electricity have nowadays somewhat lessened their ecological and economical drawbacks [19] . One of the biggest advantages of thermal desalination over membrane desalination technology e.g. reverse osmosis (RO) is that the process capably separates high concentrations of organics or dissolved problem salt species such as boron from the feedwater, which translates into simpler and less expensive source water pre-treatment [60] .
Bubble column
A salt-or brackish-water filled column through which air is bubbled promotes a highly effective evaporation process [13] . Key to this concept is the unusual property of saltwater to inhibit air bubble coalescence. Hereby, the process provides a high volume fraction of small air bubbles, continuously colliding but not coalescing. In contrast to solar still evaporation or flash distillation, where essentially only the surface of the liquid comes in contact with the air above, the bubble process translates into a manifold liquid/air interface through which rapid water vaporisation can be achieved at operating temperatures well below boiling point. As the countless air bubbles oscillate upwards through the salt solution, water vapour is collected throughout the entire column in a regular and uniform process, until the saturation point determined by the prevailing temperature and pressure is reached.
Besides its highly efficient vapour transfer, bubble column desalination holds a number of advantages over conventional desalination technologies. It can be operated with relatively low quality energy provided from renewable energy sources. Common with other thermal desalination processes, extensive pre-treatment facilities that are usually associated with RO desalination plants are not needed for the bubble desalination process, allowing for smaller and hence more efficient desalination plants. Furthermore, the technical simplicity of the bubble column process and its ability for self cleaning [13] translate into a simple operating process and reduced maintenance requirements. The current significant drawback of the technology resulting from its high energy demand for blower operation must be the subject of future process optimisation. However, the potential benefits of a multi-stage bubble column over their single-stage expression, mainly in terms of the potential for latent heat recovery with strong implications for solar collector demand, outweigh the additional blower energy demand.
Condensation
Under the operating conditions proposed for the Bubble-Greenhouse concept, the temperature of the vapour extending from the bubble column evaporator would be around 80 °C. As this would immediately overheat the greenhouse, it is essential to pre-cool the vapour to an acceptable level for plant survival. Generally, this can be achieved by incorporating a pre-cooling device between the bubble evaporator and the greenhouse [50] . The device may resemble a simple 'homemade' type condenser that has the added benefit of extracting a significant amount of condensate from the air stream. Importantly, as liquid water condenses out of the airstream in response to the vapour temperature reduction, the saturated vapour pressure of the airstream intended for greenhouse injection remains at maximum saturation (100% humidity).
For a conventional plate or tube type condenser, the rate of condensation is principally governed by the temperature gradient between the warm vapour saturated carrier medium (e.g. air) and the cooler condensing surface. While the condensing surface represents a physical barrier between the warm moist air on one side and the cooler opposite medium (e.g. ambient air or cooling water), it allows for thermal energy (heat) that is contained in that matter to pass through. In order to reduce energy demand of the HD process overall, a condenser should ideally operate in a way that allows for efficient latent heat recovery.
For a flat-plate type condenser this can easily be achieved, for example in the multistage Dewvaporation HD concept. Here, the process tower contains two chambers -one for evaporation and the other for dew formation -that are separated by an internal heat transfer wall [20] . The latent heat required on the evaporation side is provided by the heat released from dew fall condensation on the opposing side. Only a small amount of external energy input is required to raise the steam temperature resulting from the evaporation side for the return into the condensation side. This efficient heat recovery system allows for the Dewvaporation tower to be operated with a moderate amount of low grade heat.
In contrast to tube or plate type condensers, the condensing surface in a bubble column evaporator is essentially the air/water interface provided by each bubble. Therefore, it is not possible to harness the latent heat in the same way. In order to overcome this problem Narayan et al. [35] developed and patented a multistage bubble column condenser that allows for effective latent heat recovery by cycling a heat collector circuit through the column stages. When condensing vapour in a water column rather than on a condenser surface, the heat transfer rate (HTR) can substantially improve.
The reason for this is that in the presence of a non-condensable carrier gas (e.g. air) diffusion resistance to transport vapour through the non-condensable gas/vapour mixture increases [33] . As a consequence, the thermal resistance to vapour condensation on a cold surface is much higher than in a pure vapour environment. HTR's for surface condenser systems can be two orders of magnitude lower than pure vapour systems and even in the presence of a few moles of non-condensable gas in the condensing fluid, HTR's could be reduced by as much as an order of magnitude. As 60 to 90% of air is not uncommon in the condensing stream of HD systems, the dehumidifiers used in these systems have low heat transfer rates and an equivalent heat transfer coefficient as low as 1 Wm
Consequently, a large heat transfer area is required for surface dehumidifiers.
A HD system based on the pairing of multistage bubble columns -one for evaporation and the other for condensation -can be arranged into modules and organised into a small physical footprint. From here it becomes relatively easy to shield the system components -mainly the evaporator columns and connection pipes -from unwanted heat loss, by thorough insulation with appropriate heat insulator materials such as Aspen Aerogels Pyrogel 6350. The principal drawback of the multistage bubble column concept is the increased air pressure demand in response to column height and quantity of chambers, where a water head of 1.2 m and a series of airflow-restricting sinter discs must be overcome for each column.
Greenhouse
Drawing on the experience from the Seawater Greenhouse, non-welded aluminium or steel members are the preferred construction material, providing an easy to build and extremely sturdy greenhouse framework. This is particularly important in light of potentially challenging weather events e.g.
tropical cyclones [56] , where the greenhouse skin may be removed as a precaution, but the structural framework could safely withstand such events undamaged. Conversely, the framework can easily be dismantled and relocated, thus extending its lifecycle and making it a recyclable and sustainable choice.
While the majority of freshwater is produced by the multistage condensers in the Bubble-Greenhouse system, a percentage of condensation occurs over the greenhouse skin itself. Here, condensation primarily occurs during night-time in response to radiative cooling of the ambient air. The concept is similar to many dew collection systems, where the condensing surface is provided by roofs of houses and sheds [51] . Besides the financial benefits of using already existing roof structures for condensate production, there is an additional advantage in that water is produced high up on roof tops and can thus be distributed into houses or greenhouses by gravity. This reduces pumping demand and consequently, lessens the operational expenditure of water supply.
Dew condensation strongly depends on the optically selective and adhesive properties of the condensing surface [36] . One method to increase the yield of dew harvesting is by modifying the emitting properties of the condensing surface [32, 37] . In their experiments, Muselli et al. [32] investigated the radiative cooling properties of condenser foil made of TiO 2 and
BaSO4 microspheres embedded in polyethylene. This material demonstrated improved emitting properties in the near infrared spectrum and as a result, a significant gain in dew collection. Therefore, in regions with abundant solar radiation, a two-part greenhouse skin could be an effective improvement to the Bubble-Greenhouse concept. The lower part or side walls would be covered with PAR film to promote plant growth while the roof area could utilise a film with high emitting properties, thus increasing condensate production during night-time.
Greenhouse climate control
The Bubble-Greenhouse is designed to provide a vapour saturated environment for plant growth, essentially simulating the climatic growing conditions of the constant wet tropics. As a consequence, temperature and humidity remain fairly consistent throughout greenhouse operation periods. As no seasonal variations comparable to temperate zone winters or annual droughts of the seasonally dry tropics exist inside the Bubble-Greenhouse, plant diseases and agricultural pests are less restricted and able to flourish year-round [12] . In order to overcome this drawback, the Bubble-Greenhouse system operates two greenhouses alternately and semi-annually, thus eradicating humidophilic pest populations through a seasonal greenhouse shutdown and exposure to ambient arid conditions.
In a continuous flow air bubble column, a strong evaporative cooling effect is produced [14] . Each bubble oscillating upwards through the column releases precisely the amount of thermal energy required to evaporate water to saturate that bubble, causing a significant air (bubble) temperature reduction. Francis and Pashley [14] note that for a steady state equilibrium bubble column with an inlet air temperature of 22 °C, an outlet vapour temperature reduction to about 8 °C can be achieved.
By calculating the final steady state temperature of the bubble column directly from the temperature of the inlet gas, its heat capacity, the heat of vaporisation of water and the saturated water vapour density, individual bubble columns can be easily adjusted and used to temporarily maintain greenhouse temperatures within a desired range.
Seawater Greenhouse analysis showed that the greatest overall effect on greenhouse performance was determined by the dimensions of the greenhouse. A wide shallow structure demonstrated superior performance over a long narrow one, both in terms of climate management and condensate productivity [42, 45] . The main reason for this is that with increasing length, conventional fan cooled greenhouses develop a strong thermal gradient of up to 8 °C along the direction of the airflow [26] .
For the Bubble-Greenhouse, temperature management is greatly simplified by positioning numerous vapour injection points throughout the greenhouse, thus avoiding temperature gradient development and eliminating the ventilation requirements that burden conventional greenhouses.
Carbon dioxide (CO2)
In low-venting greenhouses, CO2 levels can be drawn down significantly as the plants metabolise the available gas. A non-limiting supply of CO2 is an important requirement for greenhouse crop production and supplementary CO2 fertilisation has been found to result in 30% productivity increase when greenhouse levels were raised by around 350 ppm over baseline concentrations [5] . For tomatoes, a CO2 increase by as much as 700 ppm has demonstrated similar growth rate improvements. However, supplementation of CO2 tends to increase the technical and economical expenditure for greenhouse agriculture and the use of 'waste products' from incineration processes can provide an attractive alternative. In the context of a Bubble-Greenhouse that would be operated by waste heat from industrial processes (e.g. diesel power station exhaust stack), tri-generation of electricity, desalinated water and CO2 supplementation for crop production could be an economically attractive prospect.
Where the Bubble-Greenhouse system was operated solely by renewable energy, CO2 supplementation would be provided by incineration of organic agricultural dry waste resulting from the greenhouse growing process. The incinerator exhaust stream would be channelled directly into the bubble evaporator column(s), thus boosting the system with CO2. While temperature and humidity transfer occurs throughout the different stages of the HD process, the CO2 concentration in the air stream (in ppm relative to carrier gas) remains constant and is subsequently made available for crop growth. In line with holistic sustainability principles, excess agricultural dry waste that is not required to boost greenhouse CO2 levels is composted and used as high nutrient fertiliser in the crop growing process.
Avoidance of a thermal gradient via the use of regular vapour injection points eliminates the need for greenhouses ventilation. This leads to a significantly reduced plant transpiration rate and thus, a strongly reduced plant water demand. For the Watergygreenhouse -a closed system designed for free air circulation based on the buoyancy of moist air -plant water consumption was shown to be reduced by 75%, while continuous plant production even during hot summer conditions was demonstrated [6, 54] . A saturated greenhouse climate translates into a low vapour deficit (the capacity of air to absorb water) and therefore, into strongly reduced plant water loss from evapo-transpiration.
As a result, plant water demand inside a humidified greenhouse could be as little as 10% of the fresh water demand of plants grown outside a greenhouse [44] . Although this figure might in practical application be closer to 20% [62] , this leads to significant water savings for irrigation. Furthermore, the film condensation occurring inside the Bubble-Greenhouse during night-time provides some portion of this strongly reduced plant water demand in situ, which makes it available for gravity-fed drip line irrigation and thus reduces pumping expenditure.
As the bubble column HD process results in high purity distilled water [49] , consideration must be given to the absence of minerals and especially bivalent ions such as calcium, magnesium and sulphate, with strong implications for irrigation as well as human health. In order to make the distillate product (both, from HD modules and greenhouse film condensate) fit for consumption, it must be re-mineralised either by standard methods such as dosing with chemical solutions based on calcium chloride and sodium bicarbonate or by milk of lime or limestone dissolution by CO 2 [21] .
Alternatively, depending on mineral composition of the feedwater (i.e., where no health risks exist from problem minerals such as uranium), a more simple approach such as blending the distillate with a portion of feedwater can be used.
A further important aspect is the acidification of feedwater as a method of controlling scaling in water treatment applications, particularly RO plants. By adding CO2 to the feedwater, a reduction of pH to 5-7 is achieved. This increases the solubility of alkaline scale, especially calcium carbonate and calcium phosphate scale [2] . However, while this pre-treatment step is critical for the management of membrane based desalination methods, due to the mechanical processes occurring in a bubble column, there exists a strong self cleaning effect that allows for operation without anti scaling pretreatment [13] .
Bubble-Greenhouse outcomes
A range of environmental, social and economic benefits derive from a community scale BubbleGreenhouse operated in a remote settlement. In addition to highly purified water for human consumption and irrigation purposes, the greenhouse produces healthy food locally, thus reducing food transportation costs and greenhouse gas pollution. Worldwide, the total embedded water demand in food production and industrial processes averages approximately 1800 L per person per day and 87% of the fresh water withdrawn in the world is used by agriculture [43] . By growing plants locally and inside a closed greenhouse, this figure can be significantly reduced from the current approximate 1500 L to perhaps as low as 300 L per person per day.
With a focus on prevention hygiene, greenhouse crops are more protected from insect pests and diseases, leading to a reduced need for insecticides and pesticides [5] . Moreover, beneficial biological control organisms which parasites the pest species can easily be introduced and carefully managed in a closed system, for both preventive and curative treatment. Based on the use of two greenhouses in rotation, potential pests and diseases that may have gained access over time can be controlled by semi-annual greenhouse shutdown and by recycling all organic matter as a source of incinerator fuel for CO2 supplementation, thus eradicating pathogens that are harmful to crop production.
As the operating climate inside the Bubble-Greenhouse resembles the climate conditions of the constant hot and wet tropics, careful selection of appropriate crops is an important aspect of the concept. For the tropical-type Seawater Greenhouse, aubergines, cucumbers, melons, peppers and pineapple have demonstrated suitability to these conditions [42] . However, there are many more popular food plant groups including roots and tubers (e.g. sweet potatoes, yams, cassava and Queensland arrowroot), grains (e.g. corn, okra and wax gourd), legumes (e.g. Catjang cowpeas, winged beans, Dolichos lablab beans and asparagus beans), leafy vegetables (e.g. chaya, sunset hibiscus, Tahitian taro and tropical lettuce), fruit vegetables (e.g. tropical pumpkin, okra, small-fruited tomatoes, hot peppers and wax gourd) and trees (e.g. bananas, breadfruit, West Indian limes, tamarind, papaya and mangoes), that can be grown in a saturated greenhouse environment [31] .
In the past, the implementation of well established but advanced desalination technologies such as reverse osmosis (RO) often failed to produce the desired outcomes [59] . Conventional desalination systems in remote locations often experience technical challenges, mainly from maintenance and repair issues that often cause water supply disruptions or complete system breakdown. Moreover, these technologies do not promote the key elements to long-term sustainability in developing communities, namely empowerment, skills development and capacity-building of local people [23] . In contrast, the Bubble-Greenhouse system relies on basic technology such as regenerative blowers and technically undemanding water pumps. As such, it is conceptually simple to implement, hardy, easy to maintain and repair by local people with limited technical means [38] . By facilitating the considerable 'bush mechanic' skills of remote people, it represents great potential for community participation and sustainable development and thus provides a stepping stone to self-reliance for remote communities.
In the context of social and economic progress, the absence of a demand-responsive market system in many remote Australian locations confines community participation to sectors such as natural resource management and essential services provision [55] . Alternatively, a crop growing venture may not only provide food for local people but hold some excellent potential for commercialisation, providing a market base for trade between communities. Admittedly, compared with conventional water desalination technologies the Bubble-Greenhouse scheme is currently not competitive when assessed solely on the basis of its water production rate. However, a number of additional social benefits -if appropriately valued -make it economically viable. While these 'soft' factors are hard to quantify, they represent a strong reward for community wellbeing. Importantly, local people's ability to improve performance and outcomes of the Bubble-Greenhouse themselves, provides not only empowerment but also allows for success to be celebrated, leading to further encouragement to participate [23] .
Brine management
In order to avoid long-term environmental degradation, brine management in remote desalination schemes should aim for a 'zero discharge' outcome [18] . Subject to geographic and geologic conditions, a method requiring the least effort and expenditure is to manage desalination brine by open surface evaporation ponds. As water vapour evaporates off from the open water surface and is carried away by air transfer, potentially valuable minerals remain behind and can be sequential extracted, thus aiding economic improvement of the Bubble-Greenhouse concept [1, 25] . Conversely, sequential extraction processes often have a significant energy demand and alternative sources such as thermal energy from salinity-gradient solar ponds themselves are being investigated as a means to provide the energy required by brine concentration processes [28] . pan evaporation, the system produces a 13-fold evaporation rate. In addition, the WAIV unit provides an excellent opportunity for mineral recovery [25] , thus enhancing economic and environmental potential of the Bubble-Greenhouse concept. Importantly, for the purpose of the Bubble-Greenhouse development, a decision on brine management will differ from case to case, depending on a large number of factors such as land availability, source water quality, mineral composition, aquifer vulnerability, depth of water table, cost considerations, etc.
Energy options
Subject to geographic location and prevailing climatic conditions, a range of sustainable energy options such as solar, wind and geothermal [61] can be utilised to operate the Bubble-Greenhouse. For climate dependent options such as solar and wind energy, diesel generators are required as a back-up supply in the short-term. If available, waste heat from diesel power generation nearby can be used to drive the bubble process. By adopting a co-generation approach, the economic feasibility of the Bubble-Greenhouse can be further improved. Crucially, this would be subject to careful monitoring of CO2 concentrations, to ensure optimum plant growing conditions. Where a waste heat outlet is not at hand and bio incineration is used for CO2 supplementation, the bio incineration may also be used as a short-term back-up energy supply option.
In the long-term, increased efficiency of battery storage systems and heat storage fluids in well insulated collection tanks will form the basis for continuous water production and greenhouse operation, independent from climatic fluctuations and the limitations of sunshine availability.
Already, combined wind and solar 'hybrid' energy conversion systems suggest strong potential for desalination projects such as the Seawater Greenhouse [30] . Corresponding with peak solar radiation, Besides the latent heat required for evaporation, the principal power consumers in the BubbleGreenhouse system are the feed pumps for brackish water supply, the water pumps for the heat recovery cycle and the regenerative blowers used for the bubbling process. While these components can be operated with low grade energy sources such as photovoltaic or wind power, their common characteristic is a strong reliance on efficient energy storage, in order to extend Bubble-Greenhouse operation beyond sunshine hours and wind still periods. Once again, economically and technically improved energy storage systems should become feasible in the near future, to operate the BubbleGreenhouse system solely with renewable energy.
For the design of the multistage bubble columns, trade-off considerations had to be made regarding the large amount of heat required for evaporation, versus the energy needed to generate blower pressure in order to overcome the water head. Pumping air through a series of stacked bubble columns requires a large pressure input and places a significant energy and technical demand on evaporative blowers and compressors. However, as the thermal energy demand for water vaporisation is very large at around 670 kWh/m 3 [13] , the latent heat recovery system based on the multistage columns results in a comparatively smaller investment for solar energy capture. Therefore, while the stacked array comes at the cost of additional bubbling pressure demand, the ability to recover a large amount of latent heat and to insulate the multistage columns more efficiently against unwanted heat loss, result in a strongly reduced solar collector area requirement and thus, a much reduced BubbleGreenhouse investment cost overall.
Economics
In common with most water supply schemes, Bubble-Greenhouse water and food production costs would naturally decrease with an increase in Bubble-Greenhouse plant scale. In general, based on their large energy demand, thermal evaporation processes are characterized by high capital costs.
However, while their combined energy requirements are much greater than for membrane processes, they can be operated with low-grade energy, for example waste heat from power stations. Thus, cogeneration applications that provide electricity and heat required for thermal desalination can significantly improve the economics of the process [60] . As the currently high capital cost of the Bubble-Greenhouse system would mostly derive from the cost of the HD modules and the energy capture technology, the insignificant additional cost of using two greenhouses in semi-annual rotation would be justified by the long-term benefits regarding disease management.
In regards to future operating costs of the Bubble-Greenhouse, the power demand of blowers and pumps is anticipated to be provided by sustainable and, as such 'free' means, mainly from solar energy capture. This is subject to energy storage options (e.g. batteries) which will in turn have an influence on overall investment cost. Labour costs will strongly depend on community participation, and geographical and social opportunities to transition towards a market based production of greenhouse goods. It is therefore at this development stage of the Bubble-Greenhouse relatively difficult to estimate the real cost of fresh water, based on the uncertainty of a number of factors such as economies of scale or the potential for market based economic improvement.
When comparing the sole cost of water production with RO the Bubble-Greenhouse is currently not competitive. While photovoltaic-powered RO is technically mature and capable of procuring water at costs as low as 2-3 US$ per m − 3 [16] , the maintenance problems and their lack of accessibility for local input remains. Furthermore, based on the large economies of scale that exist for RO plants [34] , the cost of RO water desalination can vary significantly, particularly for small-scale system. For 
Conclusion
By combining the three elements -bubble evaporator, bubble condenser and condensing greenhouse -into a desalination system for remote communities, the individual components can be tailored for varying population rates and for economical water and food production. As the system is technically simple to manufacture and operate, it allows for local people to tap into their 'bush mechanic' skills and work towards self determination, capacity building and social development in remote places.
Generally, based on their availability in respective locations, a range of renewable low grade energy sources such as solar-thermal, photovoltaic, wind turbine, bio-energy, geo-thermal and solar gradient pond can provide the energy for this new technology. Optimal utilisation of latent heat recovery and radiative cooling processes further improves energy efficiency and thus, reduced investment and operating cost of the Bubble-Greenhouse system.
Depending on their presence in individual locations, waste heat outlets for example from diesel power generators can be utilised as the energy driver for bubble evaporation, thus transforming power plants into more efficient cogeneration systems. Evolving energy storage concepts such as the thermal oil containing parabolic mirror array at Sundrop Farm will allow for sustainable operation independently from sunshine hours. More research is needed to further develop and trial multistage HD modules, to optimise the latent heat recovery cycle for energy efficiency, to select and assess high pressure blower and compressor technology and to improve energy storage systems. With these objectives in mind, the conceptualisation of a Bubble-Greenhouse with a strong focus on ecologically, socially and economically sustainable fresh water production may soon become a reality. Fig. 1 . Heat transfer processes of the Bubble-Greenhouse HD module. Bubble condenser concept adopted from Narayan et al. [35] . 
